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Abstract 
Magnetic skyrmion motion induced by an electric current has drawn much interest because of its application 
potential in next-generation magnetic memory devices. Recently, unidirectional skyrmion motion driven by an 
oscillating magnetic field was also demonstrated on large (20 m) bubble domains with skyrmion topology. At 
smaller length scale which is more relevant to high-density memory devices, we here show by numerical 
simulation that a skyrmion of a few tens of nanometers could also be driven by high-frequency field oscillations 
but with the motion direction different from the tilted oscillating field direction. We found that high-frequency 
field for small size skyrmions could excite skyrmion resonant modes and that a combination of different modes 
would result in the final skyrmion motion with a helical trajectory. Because this helical motion depends on the 
frequency of the field, we can control both the speed and the direction of the skyrmion motion, which is a 
distinguishable characteristic compared with other methods. 
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I. INTRODUCTION 
A magnetic skyrmion is a topological spin texture of which the spins wrap around a unit sphere [1-4]. A well-
known example of skyrmion system is the chiral magnets in skyrmion crystal materials [4,5]. Recently, 
skyrmion control has been drawing much attention because of its use in noble spin devices as well as an 
unexpected underlying physics [6-13]. A precise control of the skyrmion motion relies on a full understanding of 
the skyrmion dynamics. The unidirectional motion of skyrmions, which can be realized by a magnetic field 
gradient [14], temperature gradient [11-13], and electric current flow in the sample [6-10], is expected to be 
useful for data transfer in memory and logic devices. 
Recently, it has been demonstrated that a tilted alternating magnetic field can also induce such a unidirectional 
motion [15,16]. The direction of this unidirectional motion was towards the tilted field angle. Note that in this 
report, relatively large circular bubble domains (~10 m in size) were used rather than small skyrmions (~10 nm 
in size) and the applied magnetic field had low frequency (< 1 kHz). In this paper, we expand our scope toward 
the small skyrmion beyond the large bubble and we expand the field frequency range up to GHz by employing 
micromagnetic simulations [17,18]. The field oscillation in the GHz frequency range can cause several resonant 
behaviors [19-24] of the skyrmion, such as a breathing mode [19,21] and a gyration mode [14,22,23]. We show 
that a combination of different resonance modes could not only drive the skyrmion motion but also control the 
skyrmion moving direction and speed by the field frequency and the skyrmion radius. 
 
II. SKYRMION MOTION: HELLICAL TRAJECTORY 
We performed micromagnetic simulations using the OOMMF code [17] with the DMI extension module [18]. 
The material parameters were chosen as follows. The saturation magnetization 𝑀𝑆  was 580 kA m
–1
, the 
exchange stiffness 𝐴 was 15 pJ m–1, the uniaxial magnetic anisotropy 𝐾𝑈 was 0.8 MJ m
–3
, the damping constant 
𝛼 was 0.3, and the DMI constant 𝐷 was –3.5 mJ m–2. Most of these parameters have been used in Ref. [8] for 
stable skyrmion texture. We assumed a magnetic disk structure with a relatively large radius (150 nm) compared 
with the skyrmion radius (~15 nm) to observe almost free skyrmion motions not bounded by the disk edge 
[8,14,22,23]. The disk thickness 𝑑 was set to 0.4 nm. The unit cell was selected as 2 nm  2 nm  0.4 nm. The 
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initial skyrmion state has its core at the center of the disk with a +z directional polarity (up skyrmion). The spin 
texture in the central region of the disk is depicted in Fig. 1(a). The red and blue colors represent magnetizations 
in the +z and –z directions, respectively. The white color denotes the in-plane magnetization in the domain wall 
region with the black arrows indicating the in-plane magnetization direction. Because of the sufficient strength 
of the Dzyaloshinskii–Moriya interaction [25,26] (DMI) and the proper sign, the domain wall has radial outward 
magnetization [8]. The position of the skyrmion was determined by circular fitting of the domain wall positions. 
We defined the skyrmion radius 𝑟 as the distance from the skyrmion center to the domain wall position. 
An oscillating external magnetic field was applied to verify the skyrmion motion. The field 𝐇 is spatially 
uniform with a sinusoidal time (𝑡) dependence,  an amplitude of 𝐻 = 50 mT, and a frequency of 𝑓 = 8 GHz. The 
field is titled in the z-x plane with the tilting angle 𝜃 being 45° away from the z-axis. After the application of the 
field for 50 ns, the skyrmion was shifted ~40 nm from its initial position as shown in Fig. 1(a). Thus, we 
confirmed that an oscillatory magnetic field induces a motion of the skyrmion. Now, we will present the detailed 
characteristics of the oscillating field-induced skyrmion motion. 
Figure 1(b) shows the detailed trajectory (red line) of the skyrmion center during the motion shown in Fig. 1(a). 
The skyrmion exhibits a helical motion, from which we can extract the steady motion (green arrow) with the 
velocity 𝐕 defined as the average motion of the skyrmion over a long time period. It is notable that 𝐕 is not  in 
the x-direction, which is different from the magnetic bubble motion [15,16]. We defined this skyrmion motion 
direction with the azimuthal angle 𝜑 from the x-axis. Figures 1(c) and 1(d) shows the skyrmion moving speed 
and direction as a function of the oscillatory field frequency at 𝐻 = 10 mT amplitude and 𝜃 = 45°. The skyrmion 
moving reaches maximum speed near 8 GHz, indicating a resonance behavior of the skyrmion under this 
condition. However, the moving direction does not exhibit any clear resonance behavior but rather an almost 
monotonic dependence on 𝑓. 
Next, subtraction of the linear movement 𝐕𝑡 from the helical motion left the elliptic gyration with a clockwise 
rotation as shown by the blue line in Fig. 1(b). It is well known that the sign of the topological charge q 
determines the rotation direction of the gyration and is typically determined by the polarity of the topological 
objects [2,14,22,23]. A prominent example is the gyrations of the vortex core. A magnetic vortex with +z (–z) 
polarity has a nonzero positive (negative) q thus should exhibit counterclockwise (clockwise) gyration [27,29]. 
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Similarly, the sign of a skyrmion charge q is determined by its polarity. According to previous studies [14,22,23] 
a skyrmion with +z polarity should show counterclockwise gyration, but our results show the opposite case, i.e. 
clockwise gyration. 
 
II. SKYRMION OSCILLATION MODE 
To study the characteristics of the skyrmion motion mentioned above, we decomposed the tilted oscillating field 
into perpendicular (along the z-axis) and in-plane (along the x-axis) components to check the magnetization 
oscillation modes driven by each of these two components. 
The perpendicular field oscillation along the z-axis mainly causes the breathing mode of the skyrmion [19,21]. 
The breathing mode means that the oscillation of the skyrmion radius has a saturated amplitude ∆𝑟. The radius 
variation during the skyrmion motion is shown in the inset of Fig. 1(b). Since a perpendicular field does not 
break the radial symmetry, this field should only result in a radius change of the skyrmion without changing the 
core position and the radial symmetry. Figure 2(a) depicts the radius changing rates in term of ∆𝑟𝑓. To obtain 
Fig. 2(a), a sinusoidal field was applied in the z direction with an amplitude of 𝐻 = 5 mT. The skyrmion radius 
changing rate ∆𝑟𝑓 reaches the maximum value at 𝑓~8 GHz which corresponds to the resonance frequency of the 
lowest skyrmion breathing mode [21]. This resonance behavior is also observed in Fig. 2(b), which shows a 
crossing of the breathing mode phase (𝛿𝑏) at 90° near 8 GHz. It is notable that the resonance of the breathing 
mode corresponds to  the maximum speed of the skyrmion motion [Fig. 1(c)], implying that the amplitude of the 
breathing mode should play an important role in determining the skyrmion moving speed. 
The in-plane field generates the gyration motion [19,22,23,29,30]. We applied an oscillating in-plane fields in 
the 𝑥-axs with an amplitude of 5 mT. After turning on this field, the skyrmion eventually reaches a steady 
gyration without an obvious drifting. As seen in Fig 1(b), the trajectory of the gyration is an ellipse rather than a 
circle. Thus, the skyrmion gyration can be decomposed into two circular gyrations of opposite rotations. Figure 
2(c) depicts how the two circular gyrations of opposite rotations generate an elliptic gyration. Two radii of the 
major (𝑅𝐿) and minor (𝑅𝑆) axes of the ellipse were measured, and then the radii of the two gyrations can be 
determined by 𝑅𝐶  = (𝑅𝐿+𝑅𝑆)/2 and 𝑅𝐶𝐶  = (𝑅𝐿–𝑅𝑆)/2, where 𝑅𝐶  and 𝑅𝐶𝐶  are the radius of the clockwise and 
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counterclockwise gyrations, respectively. Figure 2(d) exhibits the values of 𝑅𝐶 and 𝑅𝐶𝐶 as a function of the field 
frequency. The clockwise gyration has a larger amplitude than the counterclockwise gyration, resulting in a 
clockwise elliptic gyration of the skyrmion motion. 
It was recently reported that a skyrmion confined in a circular disk has two kinds of gyration, clockwise and 
counterclockwise [22,23]. The resonance frequencies of these two circular gyrations are determined by three 
parameters; the gyrocoupling vector strength 𝒢, the spring constant 𝒦, and the skyrmion mass ℳ. In our model, 
we assumed a non-bounded free skyrmion (𝒦 = 0). This condition results in two resonance angular frequencies, 
namely 𝜔+ ~ 0 and 𝜔− ~ −𝒢/ℳ, where 𝜔+ is for counterclockwise gyration and 𝜔− is for clockwise gyration 
with the up-polarity skyrmion. This situation is similar to that in Fig. 2(d) because 𝑅𝐶𝐶 shows a monotonous 
decrease with increasing frequency because of the zero resonance frequency. However, 𝑅𝐶 exhibits a resonance 
peak near 38 GHz, which corresponds to −𝒢/ℳ. Such resonance behavior is also shown in Fig. 2(b), which 
shows the phases of the clockwise and counterclockwise gyrations 𝛿𝐶  and 𝛿𝐶𝐶 , respectively. Note that 𝜔+ 
originates from the massless motion of the skyrmion [22]. We can name the circular counterclockwise gyration 
“massless gyration.” In contrast, 𝜔− depends on the skyrmion mass so that we can name the circular clockwise 
gyration “massive gyration.” 
 
III. SKYRMION MOTION WITH CIRCULAR GYRATION 
To separate the massive and massless gyrations in the skyrmion motion, we applied a rotating in-plane field 
rather than a uniaxial in-plane field because a rotating field should induce only one of its gyrations. We define 
the external field as 𝐇  = (𝐻𝑥 , 𝐻𝑦 , 𝐻𝑧 ) = (𝐻𝑥
𝑜𝑠𝑐 sin𝜔𝑡 , 𝐻𝑦
𝑜𝑠𝑐 cos𝜔𝑡 , 𝐻𝑧
𝑜𝑠𝑐 sin𝜔𝑡 ), where 𝐻𝑖  is the field 
component along the i-axis, 𝐻𝑖
𝑜𝑠𝑐 is the field amplitude in the i direction, and the angular frequency 𝜔 is 2𝜋𝑓. 
Figure 3(a) presents the skyrmion trajectory up to 2 ns when 𝐻𝑥
𝑜𝑠𝑐 = 𝐻𝑦
𝑜𝑠𝑐 = 𝐻𝑧
𝑜𝑠𝑐 = 5 mT and 𝑓 = 2GHz. In this 
case, we observe clockwise circular gyration with a steady motion of constant velocity 𝐕𝐶 . Changing the sign of 
𝐻𝑦
𝑜𝑠𝑐 , i.e. 𝐻𝑦
𝑜𝑠𝑐  = –5 mT, the constant velocity 𝐕𝐶𝐶  and the circular gyration are retained but the gyration 
switches to counterclockwise because of the counterclockwise field rotation, as shown in Fig. 3(b). 
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These velocities depend strongly on the gyration radius as well as on 𝛥𝑟. Figure 3(c) presents the absolute value 
of the velocities as a function of the field frequency. |𝐕𝐶𝐶| shows a simple resonance behavior with a resonance 
peak near 8 GHz which is similar to 𝛥𝑟𝑓 in Fig. 2(a). However, |𝐕𝐶| exhibits a plateau in the frequency range of 
8–30 GHz; thus we expect that the gyration radius is also involved in determining |𝐕𝐶|. The 𝜂𝑓𝛥𝑟𝑅𝐶  and 
𝜂𝑓𝛥𝑟𝑅𝐶𝐶 with 𝜂 = 0.12 nm
–1
 [Fig. 3(c)] show similar behaviors as |𝐕𝐶| and |𝐕𝐶𝐶|. However, there are notable 
discrepancies between 𝜂𝑓𝛥𝑟𝑅𝐶  (𝜂𝑓𝛥𝑟𝑅𝐶𝐶) and |𝐕𝐶| (|𝐕𝐶𝐶|) in the high-frequency regime. We think that the 
origin of this discrepancy [dashed lines in Fig. 3(c)] is related to the gyration radius because the discrepancy 
shows a similar trend to those of 𝑅𝐶 and 𝑅𝐶𝐶 in Fig. 2(d). 
The moving direction of the skyrmion also shows a dependence on the field rotation direction. We plotted the 
moving direction as a function of the field frequency in Fig. 3(d). The term 𝜑𝐶  (𝜑𝐶𝐶) is the angle between the 
direction of 𝐕𝐶  (𝐕𝐶𝐶) and the x-axis. We used the same definition of 𝜑 as in Fig. 1(b). Note that the variation of 
𝜑𝐶  and 𝜑𝐶𝐶  is wider than that of 𝜑 . For example, the clockwise rotating field at 𝑓  = 1.5 GHz induces a 
skyrmion motion along the +x direction, whereas the clockwise rotating field at 𝑓 = 18 GHz induces an almost –
y-directional motion. This result shows that the frequency of the rotating magnetic field can control the direction 
of the skyrmion movement within a relatively wide angular range, which is not possible in previous methods 
such as the electric current flow [6-10] and the thermal or the field gradient [11-13] methods. 
The skyrmion moving direction depends strongly on the phase difference between the breathing mode and the 
circular gyration mode, as shown in Fig. 3(d). This result indicates that the phase difference is the main factor in 
determining the skyrmion moving direction. The black closed (open) circles in Figs. 3(a) and 3(b) denote the 
positions where the skyrmion radius has its local maximum (minimum) values on the skyrmion trajectories. This 
result shows how the phase difference determines the skyrmion moving direction. In the clockwise 
(counterclockwise) rotation case, the skyrmion shifts towards where it has its maximum (minimum) radius 
[insets of Figs. 3(a) and 3(b)]. 
A superposition of two skyrmion motions of clockwise and counterclockwise gyrations gives raise exactly the 
final skyrmion motion driven by uniaxial oscillating field. This can be clearly seen in Fig. 1(c) that the |𝐕𝐶 +
𝐕𝐶𝐶|  (blue line) describes exactly the |𝐕|. This result is also confirmed by comparing the moving direction of 
𝐕𝐶 + 𝐕𝐶𝐶  [blue line in Fig. 1(d)] with 𝜑. 
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IV. SKYRMION MOTION AND BUBBLE MOTION 
In Refs [15] and [16], magnetic bubble motions are demonstrated under a tilted oscillating magnetic field. 
Although the bubble motion shares some similarity as the skyrmion motion in the present study, their moving 
directions are different:  the bubble moving direction is aligned to the tilting direction of the field, the skyrmion 
moving direction has a certain angle with respect to the tilting direction of the field. To explore the origin of this 
difference, we tested the size-dependent moving direction as shown in Fig. 4. The variation in material 
parameters resulted in the variation of the stabilized skyrmion radius. We selected and changed only one 
parameter in the simulation with a common oscillating field condition (𝐻 = 10 mT, 𝑓 = 10 GHz, 𝜃 = 45°). The 
moving angles of the larger skyrmions were closer to 0° regardless of the detailed material parameters (Fig. 4). 
This means that the main source of the difference in moving direction was the skyrmion size. 
 
V. CONCLUSIONS 
To summarize, we studied skyrmion motion within an oscillating magnetic field by micromagnetic simulations. 
A tilted uniaxial oscillating field produces the breathing and the gyration modes, and the combination of these 
two modes results in the skyrmion motion with a helical trajectory. This motion can be decomposed into 
clockwise and counterclockwise gyrations which are related to the massive and massless gyration modes, 
respectively. We studied these two skyrmion motions and found their resonance behaviors that determine the 
skyrmion speed and moving direction. The skyrmion motion induced by field oscillation has controllability of 
the direction of movement with frequency, which is a characteristic that is distinguishable from other methods. 
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Figure captions 
FIG. 1 (a) The uniaxial field oscillation and the magnetization states of the center of the disk. The field strength 
𝐻 is 50 mT, the frequency 𝑓 is 8 GHz, and the tilting angle 𝜃 is 45°. The field is a sinusoidal function at time t. 
In magnetization images, the red region has perpendicular magnetization aligned along the +z direction and the 
blue region corresponds to the –z direction magnetization. The white color denotes in-plane (x–y plane) 
magnetization and the black arrows represent in-plane magnetization directions. After application of the field 
during 50 ns, the skyrmion has shifted from its initial position. (b) The helical trajectory of the skyrmion center 
(red line) from 0 ns to 1 ns obtained in (a). The blue line represents the gyration motion obtained via subtraction 
of the steady motion 𝐕𝑡 from the helical motion. The inset shows the skyrmion radius variation during the 
motion. (c) Speeds of the steady motion |𝐕| as a function of 𝑓 with 𝐻 = 10 mT and 𝜃 = 45°. (d) Directions of the 
skyrmion motion 𝜑 with respect to the field frequency.  
 
FIG. 2 (a) Rates of the skyrmion radius variation as a function of field frequency. To obtain this curve, the field 
was applied to the z direction with a strength of 5 mT. This plot represents the resonance curve of the breathing 
mode of the skyrmion. (b) Phases of the breathing mode and the gyration modes. (c) Schematic diagram of the 
decomposition of the elliptic gyration into two circular gyrations having opposite rotating directions (clockwise, 
counterclockwise). (d) The resonance curves for the two gyration modes. The field was applied to the 𝑥 
direction with a strength of 5 mT. 
 
FIG. 3 (a) Trajectory of the skyrmion center with clockwise gyration (red line). (b) Trajectory with 
counterclockwise gyration (blue line). The magnetic field is (𝐻𝑥
𝑜𝑠𝑐 sin𝜔𝑡, 𝐻𝑦
𝑜𝑠𝑐 cos𝜔𝑡, 𝐻𝑧
𝑜𝑠𝑐 sin𝜔𝑡), where 𝐻𝑥
𝑜𝑠𝑐 
= 𝐻𝑧
𝑜𝑠𝑐 = 5 mT. 𝐻𝑦
𝑜𝑠𝑐 = 5 mT for (a) and 𝐻𝑦
𝑜𝑠𝑐 = –5 mT for (b). 𝑓 is 2 GHz. The black open (closed) circles 
represent the skyrmion center positions where the skyrmion radius has the local maximum (minimum) value. (c) 
Speeds of skyrmion motion as a function of field frequency. The red (blue) dashed line denotes the speed 
difference between 𝑉𝐶 (𝑉𝐶𝐶) and 𝜂𝛥𝑟𝑓𝑅𝐶 (𝜂𝛥𝑟𝑓𝑅𝐶𝐶). (d) Directions of skyrmion motion with respect to the field 
frequency and phase differences between the breathing and gyration modes.  
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FIG. 4 Moving directions of the small and large skyrmions. Skyrmions with different radii are obtained with 
material parameter variations. We selected only one parameter and changed that parameter to increase the 
skyrmion radius. For the larger skyrmion radiuses d was increased to 2.6 nm, 𝑀𝑆 was increased to 667.4 kA m
–1
, 
𝐴  was reduced to 1.31 pJ m–1, 𝐾𝑈  was reduced to 0.7258 MJ m
–3
, and 𝐷  was increased to 3.746 mJ m–2. 
Skyrmions with a radius larger than 30 nm were simulated in the disk with a diameter of 600 nm. A common 
oscillating field (𝐻 = 10 mT, 𝑓 = 10 GHz, 𝜃 = 45°) was applied.  
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